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ABSTRACT

Infertility is a common medical condition encountered by health systems throughout the world. Despite the development of complex in
vitro fertilization techniques, only one-third of these procedures are successful. New lab-on-a-chip systems that focus on spermatozoa selec-
tion require a better understanding of sperm behavior under ultra-confined conditions in order to improve outcomes. Experimental studies
combined with models and simulations allow the evaluation of the efficiency of different lab-on-a-chip devices during the design process. In
this work, we provide experimental evidence of the dynamics of sperm interacting with a lateral wall in a shallow chamber. We observe a
decrease in average sperm velocity during initial wall interaction and partial recovery after the alignment of the trajectory of the cell. To
describe this phenomenon, we propose a simple model for the sperm alignment process with a single free parameter. By incorporating
experimental motility characterization into the model, we achieve an accurate description of the average velocity behavior of the sperm pop-
ulation close to walls. These results will contribute to the design of more efficient lab-on-a-chip devices for the treatment of human
infertility.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143194

1. INTRODUCTION the development of high-throughput sperm analysis and selection
devices.'””"* This miniaturization process and the development of

In 2015, it was estimated that approximately 186 x 10° people
new systems on a cellular scale (i.e., lab-on-a-chip type systems)

worldwide suffer from infertility.' It has been over 40 years since

the first baby was conceived via in vitro fertilization.” However, ~ require a greater understanding of the behavior of sperm in ultra-
despite efforts to improve in vitro fertilization techniques, it is only confined conditions.

successful 30%-35% of the time.” Attempts to improve the In the presence of a solid surface, interactions are essential for
outcome performance of these techniques have been focused on both artificial " and biological microswimm_ers.‘(’ In particular,
enhancing the quality of gametes, particularly sperm,” and devel- spermatozoa tend to swim close to the walls.'"” " This cell-surface
oping more efficient miniature in vitro fertilization systems.””'" In interaction could be a consequence of hydrodynamic interac-
this miniaturization process, microfluidics has been a key tool in tions'>*>** or due to steric interactions.”'° When spermatozoa
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swim within ultra-confined ~20 um deep chambers, they are, due
to its geometry, close to the surface at all times. Sperm cells are
~60 um long, and its flagellum typically produces a helicoidal 3D
movement within a cone-shaped envelope (15-30um wide).”” ™’
Due to the proximity of top and bottom surfaces, cells move both
in clock-wise and in counter clock-wise circular trajectories while
also alternating with linear like ones.”’ However, the orientation of
the sperm cells can be manipulated by the presence of a lateral wall,
arranged as an asymmetric obstacle,'® or by designing specific geom-
etries in the boundaries of the chamber.””’ These wall interactions
affect both the direction of movement and the speed of sperm cells.
It has been reported that sperm velocity is reduced when the sperm
is in contact with a lateral wall and is then restored to previous
values when the sperm breaks free from it.”’ In the present work, we
study the interaction between the swimming cell and a lateral wall in
an ultra-confined environment where the cell interacts with three
surfaces. The design and development of effective lab-on-a-chip
devices based on trial-error experiments are expensive and time-
consuming. Therefore, understanding the details of the sperm-wall
interaction is necessary and critically important for the development
of accurate models, which can be used to evaluate the theoretical effi-
ciency during the design stage of novel lab-on-a-chip devices. Here,
by means of an experimental approach, we characterize the sperm
velocity transition behavior during the interaction with the lateral
walls under ultra-confined conditions and test how this knowledge
improves numerical predictions.

Il. MATERIALS AND METHODS
A. Sperm preparation

The experiments were performed with human semen samples
from normozoospermic donors who gave written consent and
approved by Ethics Committee of the Hospital Nacional de Clinicas
(Universidad Nacional de Cérdoba, Argentina; No. 06/10/E) and
treated in accordance with the Declaration of Helsinki. The sperma-
tozoa were separated from the seminal plasma by migration sedi-
mentation technique,”’ and the motile sperm population was

B
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adjusted to 5 x 10° cells/ml with the Biggers-Whitten-Whittingham
culture medium (BWW),” supplemented with 1% bovine serum
albumin, and kept in an incubator at 37 °C with 5% CO, in the air
until use within 3 h.

B. Ultra-confinement chamber

Experiments were performed in a rectangular cross section
chamber of 23 um high and 450 um width. The shape of the device
was achieved with conventional soft lithography methods.”” Molded
Polydimethylsiloxane (PDMS) was glued to a glass slide using
plasma bounding.’ PDMS walls ensure oxygen diffusion, optical
transparency, and biocompatibility with the biological sample.

C. Three-dimensional reconstruction of the cells into
the device

A sperm solution was loaded into the chamber and let it dry
over 24-48h. Then, the mounting glass was carefully removed
recovering the PDMS structure of the chamber with the cells (see
Fig. 1). Then, it was observed and scanned with a confocal micro-
scope OLS4100 (Olympus, Japan), and the three-dimensional
structure reconstruction was performed with the Olympus LEXT
software ver. 3.1.1 (Olympus, Japan).

D. Sperm-wall interaction experiments

The chamber was loaded with BWW and placed for 15 min in
a vacuum chamber to extract air bubbles. Then, we loaded the
sperm suspension at a final concentration of 1 x 10° cells/ml. Two
minutes later, in the absence of fluid flow, we start recording the
sperm movement in the ultra-confinement chamber by means of
phase-contrast video-microscopy using a digital camera (Nikon,
USA) connected to an inverted microscope (Nikon, USA). The
recording of the tracks was performed at 10 Hz with an image reso-
lution of 640 x 480 pixels with the BR Nis Elements software
(Nikon, USA) using a 10x objective. The image analysis was per-
formed with the software Fiji’® using the Mtrack] plug-in’® to deter-
mine the sperm head trajectories of those cells interacting with

|ateral wall

FIG. 1. Three-dimensional confocal
image of the ultra-confinement
chamber loaded with sperm cells. (a)
Confocal 3D image showing the
chamber dimensions and the location
of the spermatozoa heads (*). (b) The
sperm head and flagellum were artifi-
cially colored in order to facilitate the
visualization of its dimensions.
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planar lateral walls. Then, the kinetic parameters of the cells were
calculated with a homemade macro paNoel (v1.0, Universidad
Nacional de Cérdoba; http:/www.iibyt.conicet.unc.edu.ar/software/).

E. Probability density function (PDF) of sperm
measurement

To determine the sperm density between the edges of the
chamber, we selected a rectangular region (450um width and
100 um height) of interest over the image, matching the edges of
the chamber and divided it into 45 columns (10 um width and
100 um height each). We determined the sperm density by count-
ing the number of spermatozoa in each column and dividing it by
the column area (10 x 100 #um?). This analysis was made on phase-
contrast microscopy videos.

F. Simulations

Sperm cells swim in an ultra-confined chamber that has only
~20um of depth, producing a quasi-two-dimensional environ-
ment. Due to this confinement, we model sperm dynamics with a
2D phenomenological model. Each cell is represented by a disk,
and the head motion is modeled by an oscillation around a linear
trajectory, mimicking the way they swim. Sperm swimming at a
low Reynolds number regime is described by a force-free and
torque-free equation of motion. The Langevin equations used
include a stochastic noise that represents the rotational diffusion in
the direction of swimming. This model has proven satisfactory to
characterize the rectification of sperm cells in microfluidics cham-
bers."® Now we have included an orientational interaction with
walls that considers the alignment of the cell to the wall.

The ith micro-swimmer coordinates are its position, x;(t),
and the orientation of its mean translational velocity, ¢;(t). The
dynamical equations for a system of N micro-swimmers are as

). 1. approach
VAP =1

—>
VAP

2. sperm hits the wall
rVAPmin

head centroid trajectory

3. alignment
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follows:

y dx(Oidt = F* + FF (x(0) + E* (x(1)), (1)

—
where y is the translational drag coefficient, F" is the motor
force that represents the micro-swimmer propulsion, F;* (x;(t))
is , the interaction force between micro-swimmers, and
E" (x7(t)) is the interaction force between the micro-swimmer
and the wall.'®

The motor force has two terms, one responsible for the mean
translational velocity and the other for the head oscillation,

F_i'”) = y[v?”él-‘((pi) + 2nfAy, cos (2xft + ¢>,-)?3,'L(<Pi)]> (2)

where v/* is the mean translational velocity of the ith micro-
swimmer, Aj, and f are the heading amplitude and frequency, ¢; is
the phase shift of the ith micro-swimmer heading, and él‘((pi) and
&' (¢;) are the unit vectors parallel and orthogonal to the transla-
tion direction, respectively.

The evolution of the angular coordinate ¢;(t) at each time
step, At, is given by

@t + A = ¢,(t) + [—Af Zk Shil¢i(1) © (1 i rf hﬂ -
4 vy/2DAL. 3)

In Eq. (3), 7, is the rotational drag coefficient and { is the
alignment parameter that has units [{] = [y,]/s, where s means
seconds. In the following, we will refer to the adimensional param-
eter £ ={/s-y,. Meanwhile, B, (¢;(t)) is the angle between the
mean velocity direction of the ith micro-swimmer and the kth wall,
rix is the distance from the ith micro-swimmer to the kth wall, 7, is
the radius of the disk, and # is the threshold distance to the wall at

5. escape
VAP =1

4. sperm swims
next to wall
rVAP<1

FIG. 2. Sketch of the working model for sperm interaction with the lateral wall. In simulations, we model the interaction process with a phenomenological alignment,
depending linearly on the incidence angle. (1) Sperm approaches with a mean relative average velocity (rVAP) of 1. (2) When the sperm hits the wall, depending on the
angle of incidence (8) of VAP, the rVAP drops to a minimum value (rVAPmin). (3) A phenomenological alignment (<) acting on the cell when it is closer than a distance
h to the wall, reorient VAP parallel to the surface. (4) Then, the sperm swims with a mean rVAP < 1 next to the wall until it escapes (5) due to the rotational diffusion

effect.
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which point the alignment begins to influence the micro-swimmers
since the hydrodynamic interactions decay after few bodies of dis-
tance from a surface;” v is a stochastic Gaussian noise and D, is
the rotational diffusion coefficient. The only free parameter is &,
and it is included to fit the time scale of the sperm velocity recovery
in the wall proximity.

1. Average path velocity (VAP) and probability density
function (PDF) definitions

One of the experimentally measured quantities during the
sperm  Approaching-Aligning-Swimming-Escape event (AASE
event) as illustrated in Fig. 2 is average path velocity (VAP),”
which captures the mean velocity of the sperm averaged typically
(in experiments) for several heading periods. In simulations, given
that the phase of the heading process is known at each time step,
we calculate the VAP simply by sampling positions separated by
one period of the heading, T, namely,

VAP;(t) = || %/ (T +t) — X (t)||/T, 4)

where period T = 1/f. In simulated trajectories, with this defini-
tion, the effects of the heading are suppressed and the VAP is con-
sistent with the definition used for experimental data analysis.”’

The PDF as a function of the distance to a wall has been
studied for sperm cells as well as for bacteria.'””'®** It allows quan-
tifying the cell/bacteria accumulation close to walls, which is a con-
sequence of the dynamics of the microswimmers. We compute the
PDF in a similar way as in the experiments, i.e., dividing the dis-
tance between walls by the same number of bins to count the
sperm cells. In this way, the results may be fairly compared.

G. Simulation parameters

The input parameters for the simulations are not adjustable
but taken from experimental data analysis. They are mean transla-
tional velocity v = 28 um/s, heading amplitude A, = 1.5um, beat
cross frequency f = 10 Hz, the disk radius ry = 2.5um, time step
At =0.001s, alignment threshold distance h =5pum (one disk
diameter), and rotational diffusion coefficient D, = 0.01 rad?/s. For
more details of the swimmer-wall and swimmer-swimmer interac-
tions, see Ref. 18.

To compute the VAP during the AASE event, 16 simulations
with 4000 cells each were performed. The cells at the initial time, ¢;,
were positioned at a distance d of the wall (chosen for most of the
cells arriving to it in 2 s) and had an incidence angle, 3; (defined as
the angle between the lateral wall and the i-sperm velocity direc-
tion), that was set to one of the 16 values {15°, 20°, 25°,...,85°, 90°}.
In this way, a set of 64 000 AASE events were generated for each &
value, which afterward was grouped according to the actual inci-
dence angle at the instant the cell contacts the wall (this time was
set to t=0 for each trajectory/event). The ranges that determined
the groups were [15°,20°], (20°,25°], ..., (85°,90°]. Note that due to
rotational diffusion the incidence angle may differ from the corre-
sponding initial value f;. Finally, we averaged all the time-
dependent VAPs within each incidence angle group. The region
simulated is a large rectangular box with dimensions

scitation.org/journal/bmf

450 x 3000 um® with parallel walls at the right and left edges. We
cover the £ range [1072, 10%]. To study the cell density distribution,
we have used a different simulation setup in which the interactions
with other swimmers are relevant. The region simulated is a large
rectangular box with dimensions 450 x 4500 um? with parallel walls
at the right and left edges and periodic boundary conditions in
the y-direction. We use the same experimental density
p =2.604x 10~* cells/um® (from video-microscopy) with N =527
cells in simulations.

I1l. RESULTS AND DISCUSSIONS

We evaluate sperm behavior during the interaction with
lateral walls under ultra-confined conditions. To better understand
and visualize the ultra-confinement conditions, we made a three-
dimensional reconstruction of the chamber loaded with sperm.
Figures 1(a) and 1(b) show the human sperm size in relation to the
chamber dimensions. The spermatozoa have a filamentous shape,
with an oval head of ~6x4um and a thickness of ~1.5um. In
Fig. 1(b), it has been remarked the head, the midpiece, and the
principal piece of the flagellum, with a length of ~50 um. The end
piece cannot be observed at optical microscope resolution, but its
length is ~10um. When swimming, the filamentous flagellum
acquires a three-dimensional “cone” shape,”” which in turn hits the
surfaces of the chamber confining the sperm movement. Then, to
characterize the translational movement of the sperm, we follow
the trajectories under phase-contrast video-microscopy [Fig. 3(a)
(Multimedia view)]. In this condition, the borders of the ultra-
confinement chamber showed a refringence that reduced the con-
trast of the sperm cells swimming next to the borders [Fig. 3(a)
(Multimedia view)]. Hence, to properly determine the trajectories,
we follow the sperm heads manually. Despite that, this method is
time-consuming; under these conditions, it is more reliable than
automatic tracking that easily loses the sperm next to walls. By
means of the (x,y) coordinates, we determined the average sperm
velocity (VAP) for each point along the trajectory and represented
the VAP with a color dot located in the (x,y) coordinates with a
homemade Fiji macro [Fig. 3(b)]. This method allows to visually
analyze the sperm behavior, and as observed in Fig. 2, sperm swim-
ming far from the wall moves with a determined VAP that seems
to suddenly drop when it reaches the wall, and after a period of
being swimming next to it, the sperm velocity seems to be recov-
ered. To better characterize the sperm behavior, we followed 56
cells with trajectories of at least 2's prior to reach the wall, and
another 3 s at least, swimming next to the wall. Since the sperm
showed a wide range of VAP intra- and inter-trajectories, we
determined the relative value of VAP (rVAP) considering as
100% the mean velocity prior to the arrival at the wall [t=0s;
Fig. 3(c)]. As observed in Fig. 3(c), when the sperm reaches the
wall, the rVAP of sperm decreases and then is partially recovered
(around 80%) during the first 2 s after hitting the wall [Fig. 3(d)].
We observed a wide variety of minimum rVAP (rVAP,,;,) among
the cells [Fig. 3(c)]. This variation could be a consequence of the
incidence angle, i.e., the angle before approaching the surface. To
test this hypothesis, we determined the incidence angle (8)
between the trajectory and the plane of the lateral wall and then
we evaluate the correlation between B and rVAP,,;,. As observed
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FIG. 3. Characterization of a sperm AASE event against the lateral wall under
ultra-confinement (depth ~20 um). Sperm trajectory (a) and the velocity of the
average path (VAP) along the trajectory of a representative cell (b).
Representation of the relative VAP (rVAP) of 56 sperm trajectories aligned at the
moment of the arrival to the wall (time=0s); and (c) the mean value of
VAP + SD (d) showing diminution and partial recovery of rVAP during the AASE
event. Correlation between the angle of incidence and the minimum rVAP regis-
tered for each trajectory (€). Multimedia view: https:/doi.org/10.1063/1.5143194.1
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in Fig. 3(e), there is an inverted correlation between both quanti-
ties (r=-0.53; P<0.0001). When the cell swims perpendicular
to the lateral wall, lower is the rVAP,,;,. The data dispersion
observed could be a consequence of minor defects or rugosity at
the walls [Fig. 1(a)] or the precision in determining the incidence
angle during the AASE event due to video resolution [Fig. 3(a)
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FIG. 4. Experiments and simulations of r'VAP of the sperm in an AASE event
with a straight wall. The sperms were grouped according to the angle of incidence
(B;) in three groups: (a) 60° < B; < 90° (N=23), (b) 30° < B; < 60° (N=22),
and (c) 0° < B; < 30° (N=7). In parallel, a simulation was performed with the
same number of sperm and the same distribution of angles of incidence. The sim-
ulations reproduce with fine accordance the qualitative behavior of velocity tempo-
ral evolution of sperms colliding a wall. The adequate values of the & parameter
are 0.2-0.4 for its closeness with the mean velocity. The rVAP in the simulations
was calculated for a range of & parameter between 0.05 and 1.
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(Multimedia view)]. However, rVAP,,;, seems to be stable for
B <60° but the deceleration seems more pronounced for higher
angles of incidence.

In order to further understand the behavior of the sperm
during the AASE event, we evaluate the correlation between ; and
the calculated rVAP,,;,. We group the cells according to the follow-
ing B; ranges: [0°30°], [30°60°], and [60°90°]. As observed in
Fig. 4, for higher angles of incidence [Fig. 4(a)], there is a pro-
nounced decrease of rVAP,,;, (red dots), which is less evident at
lower B; [Figs. 4(b) and 4(c)]. However, regardless of the drop in
rVAP, the cells seem to restore roughly an 80% of the rVAP (before
touching the wall), within the first 2 s while swimming next to the
wall. The behavior of the cell during the AASE event suggests that
the sperm first arrives at the wall and then, due to the beat of the
flagellum and the hydrodynamic interactions produced by the wall,
reorients the flagellum-head axis and continues the displacement
following the boundary and recovering the rVAP (Fig. 2). To test
this hypothesis, we simulate the sperm movement near the envi-
ronment of lateral walls. Simulations show that, after reaching a
wall, the sperm experiences a reduction of rVAP due to its oblique
alignment with the wall. The incident direction has a component
that is compensated by the normal force of the wall, and as the cell
aligns parallel, due to the phenomenological alignment, recovers its
velocity (Fig. 2). We can tune the alignment parameter, &, in order
to reproduce the time scale from the experimentally observed align-
ment process. In Fig. 4, the simulated velocity evolutions are
plotted for a range of £ values and different incidence angles, and
in each case, they are compared with the experimental values. To
obtain & values that properly reproduce human sperm dynamics,
we studied the Mean Squared Error (MSE), the deviation of simula-
tions from the experimental rVAP and from the Probability
Density Function (PDF) (see the supplementary material). In the
analysis of rVAP’s MSE, we find a minimum at £ = 0.225, while
from the PDF, the minimum occurs at £ = 0.12. Therefore, we
suggest that the range of & values that reproduce dynamics are in
the interval [0.1, 0.25], and we propose as the optimum value
$op ~0.17.

Then, we test whether the incorporation of the sperm velocity
transition when hitting the wall would improve the sperm behavior
simulations. Therefore, we determined experimentally the probabil-
ity of sperm density distribution in the ultra-confinement chamber,
and we compare with simulations with and without orientational
interaction with lateral walls. As observed in Fig. 5, the sperm prob-
ability density function is higher next to the wall, due to the wall
interaction, while it remains homogeneous in the middle of the
chamber. Sperm probability distribution obtained by simulation is
in qualitative agreement with the experimental results. Moreover,
the inclusion of sperm velocity transitions during the wall collision
(& # 0) improves the simulation outcome with a much better cor-
relation between the experiment and the simulation data with rela-
tive errors <2% (see Fig. 5 and Fig. S3 in the supplementary
material).

Under ultra-confined conditions, surface interfaces influence
the way in which mammalian spermatozoa swim. Sperm generally
swim adjacent to the lateral wall as a consequence of hydrodynamic
interactions.”” Additionally, due to their conical shape resulting
from the beating movement of the flagellum,”® the sperm trajectory

ARTICLE scitation.org/journal/bmf
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FIG. 5. Experimental and simulated probability density function (PDF) of the
spermatozoa in the ultra-confinement chamber. The incorporation of & # 0 in
the simulation model of the sperm movement improves the prediction of the
behavior of the cells under ultra-confinement conditions (relative errors <2%).
Inset: Experimental PDF at the wall, predicted PDF without (£ = 0) and with
(0.1 < & < 0.2), and the simulation of the sperm velocity transition during wall
collision.

follows the shape of the lateral boundaries.'**’ In this context, it

has been reported that the velocity of the sperm swimming along-
side the walls is reduced.””” Here, we provide experimental evi-
dence of the dynamics of the sperm during the transition from a
two-wall (upper and bottom) to three-wall confinement. In a
shallow chamber (~20um deep), when a sperm encounters a
lateral wall, the translational velocity is suddenly reduced and, in
some cases, the cell completely stops. This observation is consistent
with the idea that the sperm collides the wall when it reaches it.
This is also supported by the fact that there is a correlation
between the angle of incidence and sperm velocity reduction,
where small incidence angles present a low reduction in the average
sperm speed. Besides, we did not observe an angle of incidence
below 15° which may reflect the limit imposed by the shape of the
cone formed by the flagellar beating and the length of the sperm.”
After collision with the wall, the sperms partially restore their
average velocity. In Escherichia coli, it has been observed that the
reduction of velocity is relevant when there are a few bodies of dis-
tance between the bacterium and the wall, as well as the alignment
that occurs when the bacteria is in contact (distances lower than its
long dimension) with the wall.”® Sperm cells seem to follow a
similar pattern since the alignment and the restoration of the trans-
lational movement occur in close proximity to the wall [Fig. 1(b)].
Hence, using a simple model that better describes the wall interac-
tion, we were able to simulate sperm behavior and compare the
numerical results with experimental data obtaining good concur-
rence. These promising results will contribute to the development
of more efficient lab-on-a-chips, where the micro- and ultra-
confinement conditions modify sperm population transport and
dynamic properties (e.g., sperm concentration, sorting, selection,
cell re-concentration times, etc.). An accurate model is required in
order to design and fabricate lab-on-a-chips with different shapes
and dimensions, thereby avoiding wide ranges of experimental
trials and reducing time and costs in the development process.
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IV. CONCLUSIONS

Using real motility parameters and with only a simple model
for the alignment process with a single free parameter, we qualita-
tively reproduced the population average velocity behavior and
fitted the alignment parameter of the model. Proving the corre-
spondence of simulations and confined sperm population dynamics
enables the model to produce more accurate predictions of the pop-
ulation average magnitudes. Hence, accurate models and simula-
tions based on well characterized experimental data assist in
developing more efficient lab-on-a-chip devices for human repro-
duction use in the near future.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed explanation of
the criteria used to choose the free alignment parameter, compar-
ing simulations and experiments.
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